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57 ABSTRACT 
The circumference of a crystal rod is monitored and 
controlled during the rod growing process by provid 
ing relative rotation between the growing crystal rod 
and a melt of the crystal material as the rod is being 
pulled from the melt according to the Czochralski 
method, and by using a radiation-sensitive control sys 
tem for adjusting growth conditions of the rod in re 
sponse to variations in a radiation signal which is indica 
tive of the circumferential dimension of the rod. An 
electronic circuit integrates the radiation signal over 
each complete rotation of the rod, thereby eliminating 
unnecessary adjustment of the growth conditions in 
response to diametric variations of the rod which recur 
regularly in each rotation. 

18 Claims, 9 Drawing Figures 
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METHOD FOR CRCUMIFERENTIAL DIMENSION 
MEASURING AND CONTROL IN CRYSTAL ROD 

PULLING 

This is a continuation of application Ser. No. 85,089, 
filed Oct. 15, 1979 (now abandoned), which is a division 
of Ser. No. 857,331, filed Dec. 5, 1977 (now U.S. Pat. 
No. 4,207,293, issued June 10, 1980), which is a continu 
ation of Ser. No. 682,293, filed May 3, 1976 (now aban 
doned), which is a continuation of Ser. No. 479,316, 
filed June 14, 1974 (now abandoned). 

BACKGROUND OF THE INVENTION 
1. Field of the Invention 
This invention is a further development in the art of 

crystal growing by the Czochralski method, and in 
particular relates to the monitoring and control of the 
cross-sectional dimensions of a crystal rod. 

2. Description of the Prior Art 
The Czochralski method of crystal pulling is widely 

used to provide crystal rods for the semiconductor 
industry. In summary, the Czochralski method involves 
melting high-purity semiconductor material in a cruci 
ble in a nonreactive atmosphere, and maintaining the 
temperature of the melt at just above the freezing point. 
A seed crystal is dipped at a particular orientation into 
the melt, and is thereafter slowly raised from the melt so 
that liquid from the melt will adhere to the withdrawing 
seed crystal. As the seed crystal with its adhering mate 
rial is pulled away from the melt, an elongate crystal 
rod can be formed. The diameter of the crystal rod so 
formed is a function of a number of variables. For exam 
ple, the temperature of the melt in the vicinity of the 
liquid-solid phase boundary, i.e., adjacent the interface 
between the melt and the growing rod, has a major 
effect on the rod diameter. Changes in the melt temper 
ature can result in significant variations in the rod diam 
eter. Such variations in the rod diameter can result in 
serious and costly waste, because the rod must thereaf 
ter be trimmed and cut to produce wafer slices of uni 
form physical dimensions. 

It is believed that the temperature of the melt is de 
pendent upon the time rate of withdrawal of liquid from 
the melt. Consequently, it is important to be able to 
control the time rate of upward motion of the rod from 
the melt in response to changes in the diameter of the 
growing crystal rod. A number of techniques have been 
devised to sense changes in the magnitude of the rod 
diameter, and to generate signals responsive to such 
diametric changes. Such signals indicative of changes in 
the rod diameter serve to actuate means for adjusting 
growth conditions such as the pulling rate of the grow 
ing rod in order to compensate for any irregularities in 
the diameter of the rod. In general, an increase in the 
pulling rate will tend to decrease the rod diameter while 
a decrease in the pulling rate will tend to increase the 
rod diameter. The relationships between other parame 
ters and the rod diameter have been determined for 
particular crystal pulling systems on a mainly empirical 
basis. 

U.S. Pat. No. 3,259,467 discloses a technique for con 
trolling the diameter of a rod being pulled from a melt 
by continuously monitoring the weight-to-length quo 
tient of the rod, and by regulating a growth condition 
such as the pulling speed in dependence upon the 
weight-to-length quotient. U.S. Pat. No. 3,291,650 dis 
closes a technique for utilizing the optically reflective 
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2 
property of the meniscus formed at the interface be 
tween the melt and the crystal rod being drawn there 
from to provide a signal indicative of changes in the 
diameter of the rod. U.S. Pat. No. 3,493,770 shows the 
use of a photovoltaic optical pyrometer to sense varia 
tions in the radiation emitted by the surface of the melt 
near the rod/melt interface as the rod diameter changes, 
and means for adjusting various growth conditions of 
the rod in response to such variations in the emitted 
radiation so sensed. U.S. Pat. No. 3,692,499 shows 
means for simultaneously monitoring the radiation in 
tensity at a plurality of points along each of three differ 
ent radius lines of the meniscus which forms at the 
rod/melt interface, and means for controlling growth 
conditions such as pulling speed in response to varia 
tions in the monitored radiation intensity. 
According to techniques known to the prior art, 

changes in the diameter of a crystal rod being grown by 
the Czochralski method have been detected by optical 
means, and signals responsive to such diametric changes 
have been used to adjust the growth conditions of the 
rod so as to counteract the tendency of the rod diameter 
to change. However, with the techniques known to the 
prior art, many unnecessary adjustments of the crystal 
rod growth conditions are oftentimes made. For exam 
ple, as the seed crystal draws material from the melt, the 
material so drawn adheres to the seed crystal in a con 
figuration which is determined by the crystalline struc 
ture of the seed crystal. Additional material from the 
melt adheres to material previously drawn from the 
melt according to a pattern determined initially by the 
crystalline structure of the seed crystal and the orienta 
tion of the seed crystal with respect to the surface of the . 
melt. The resulting elongate crystal rod which is 
formed as the seed crystal is withdrawn from the melt 
will in general not have a uniformly circular cross sec 
tion. The diameter of the rod will therefore vary on any 
given transverse cross section through the rod, because 
of so-called flat spots on the growing crystal. In a crys 
tal pulling apparatus which provides for relative rota 
tion of the growing crystal rod and the liquid melt, such 
variations in the rod diameter will be detected. Unless 
such variations which recur with regularity with each 
rotation of the rod are filtered out, unnecessary adjust 
ment signals will be generated to activate means for 
varying particular crystal growth conditions. In the 
usual case, the frequency of rotation of the growing 
crystal rod is not much faster than the natural frequen 
cies of the crystal growth mechanism. Consequently, 
filters used to suppress the generation of such unneces 
sary adjustment signals are likely to cause severe attenu 
ation of the diameter indicating signal itself or to cause 
unwanted phase shifts in the automatic control system 
for activating the means for varying the growth condi 
tions. Such unwanted phase shifts could render control 
of the growth conditions extremely sluggish or unsta 
ble. 

SUMMARY OF THE INVENTION 

The present invention provides a means for monitor 
ing and controlling the cross-sectional configuration of 
a crystal rod grown according to the Czochralski 
method in an apparatus which provides for relative 
rotation between the rod being grown and the melt. 
According to the present invention, the circumference 
of the crystal rod is monitored rather than the diameter. 
An electronic circuit is provided which integrates the 
output of an optical detector over one complete rota 
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tion of the growing crystal rod and which then pro 
duces a signal which is a measure of the circumference 
of the rod. Such a circumferential signal does not vary 
with regularly occurring diametric variations such as 
might be caused by flat spots on the crystal, and there 
fore eliminates unnecessary adjustments and compen 
sating readjustments of the growth conditions due to 
such regularly occurring variations. 

BRIEF DESCRIPTION OF THE DRAWING 

FIG. 1 shows a longitudinal cross-sectional view, 
partly in schematic form, of a crystal growing apparatus 
according to the present invention. 

FIG. 2 shows an alternative to the embodiment 
shown in FIG. 1. 

FIG. 3 shows in schematic form an electronic circuit 
for a circumferential signal integrator according to the 
present invention. 

FIG. 4 shows in schematic form an alternative elec 

15 

tronic circuit for the circumferential signal integrator of 20 
the present invention. 

FIG. 5, A-D, shows waveforms of the electrical 
signals obtained from the electronic circuits shown in 
FIGS. 3 and 4. 
FIG. 6 shows in schematic form an electronic circuit 

for the voltage-to-frequency converter shown in FIG. 
4. 

DETAILED DESCRIPTION OF THE 
INVENTION 

FIG. 1 shows a crystal growing apparatus of the 
Czochralski type, which comprises an evacuable cham 
ber 10. A quantity of high-purity molten semi-conduc 
tor material 11 such as silicon or germanium is con 
tained within a quartz crucible 12, which is surrounded 
by a graphite susceptor 13 within the chamber 10. The 
semiconductor material 11 is maintained in a molten 
state by heat which is provided by heater element 14 
controlled by a heater power controller 15. The heater 
element 14 may comprise radio-frequency induction 
coils, in which case the heater power controller 15 
would be a radio-frequency generator. It is frequently 
desirable to remove oxygen from the region 16 above 
the surface of the melt 11 in order to prevent the forma 
tion of oxides which can readily be formed at melt 
temperatures. Consequently, the region 16 above the 
melt surface can be evacuated by conventional pumping 
means through a port 17. In certain applications, it may 
be desirable to back-fill the evacuated region 16 within 
an inert gas such as argon. Such back-filling can be 
accomplished by conventional fittings and means which 
are not shown in the drawing. A chuck 21 rigidly holds 
a seed crystal 22 at the end of a vertical shaft 20 in a 
particular orientation with respect to the surface of the 
molten semiconductor material 11. The seed crystal 22 
is a pure crystal of the same material as is contained 
within the crucible 12. The shaft 20 extends through the 
top wall of the chamber 10 by means of a suitable feed 
through fitting 18 to a crystal pulling mechanism 23. 
The crystal pulling mechanism 23 provides means for 
vertically translating the seed crystal 22 up and down 
perpendicular to the surface of the molten semiconduc 
tor material 11, and means for rotating the seed crystal 
about that vertical translational path as an axis. The seed 
crystal 22 is allowed to dip into the molten semiconduc 
tor material 11, and is thereupon slowly withdrawn 
upwardly from the molten material 11 at a rate typically 
in the range from 2.5 to 15 centimeters per hour. As the 
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4 
seed crystal 22 is withdrawn vertically from the molten 
material 11, it is also rotated about its vertical axis at a 
rate typically in the range from 30 to 120 degrees per 
Second. 
As the seed crystal 22 withdraws from the molten 

material 11, heat is also thereby withdrawn from the 
mass of the molten material 11 in the region of exit of 
the seed crystal 22. This withdrawal of heat energy 
causes crystallization of a quantity of the molten mate 
rial in the crucible 12 adjacent the seed crystal 22. This 
newly crystallized material adheres to the seed crystal 
22 because of the interatomic attractive forces which 
serve to form the crystal lattice. In this way, a crystal 
rod 24 can be said to be "grown' or “pulled' from the 
molten semiconductor material 11 in the crucible 12. 
The cross-sectional diameter of the crystal rod 24 

which is formed by withdrawing the seed crystal 22 
from the molten semiconductor material 11 is a function 
of a number of variables, including the rate of vertical 
translation of the rod 24. Consequently, changes in the 
pulling rate can cause variations in the diameter of the 
growing rod 24, and the ability to control the pulling 
rate can be used to compensate for the effects of other 
variables upon the diameter of the crystal rod 24. For 
example, by decreasing the rate at which the rod 24 is 
pulled away from the molten material 11, the rod diam 
eter can generally be increased; and conversely, by 
increasing the rate at which the rod 24 is pulled away 
from the molten material 11, the rod diameter can gen 
erally be decreased. 

Since the temperature and the temperature profile at 
the surface of the molten material 11 are dependent 
upon the position of that surface relative to the heater 
element 14, and since these parameters in turn affect the 
diameter of the crystal rod 24, the embodiment shown 
in FIG. 1 is provided with a crucible lift mechanism 25 
for keeping the surface of the molten semiconductor 
material 11 at a constant position relative to the heater 
element 14 while material is being withdrawn from the 
molten mass as the crystal rod 24 is being pulled upward 
from the surface of the molten mass. As shown in FIG. 
1, the crucible lift mechanism 25 is controlled by a con 
trol mechanism 26 which will be described in more 
detail hereinafter. 

It is economically important to be able to maintain a 
uniform cross-sectional diameter for the crystal rod 24 
through out its length. In typical applications for the 
semiconductor industry, the rod 24 would be trimmed 
and polished so as to allow identically dimensioned 
wafers to be sliced therefrom. Any significant variations 
in the diameter of the rod 24 as it is growing would 
increase the amount of semiconductor material that 
would have to be removed during the trimming and 
polishing operations in order to obtain a rod of uniform 
diameter. Semiconductor material is expensive, and 
consequently, it would be economically desirable to 
prevent waste wherever possible. 
The ability to control the diameter of the growing 

crystal rod 24 to close tolerances is provided by control 
mechanism 26 which continuously adjusts and readjusts 
the crystal pulling mechanism 23 and the crucible lift 
mechanism 25 in response to variations in the diameter 
of the crystal rod 24 as the rod 24 is being pulled from 
the molten material 11 in the crucible 12. As an incipient 
variation in the diameter of rod 24 is sensed, a signal 
indicative of the incipient variation is generated which 
actuates control mechanism 26, which in turn activates 
one or more of the crystal growth mechanisms such as 
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the crystal pulling mechanism, 23 in order to counteract 
the incipient variation in the rod diameter and thereby 
maintain a uniform diameter for rod 24. 
At the interface between the crystal rod 24 and the 

molten material 11, a meniscus 30 is formed. The menis 
cus 30 is generally concave with respect to the environ 
ment above the surface of the molten material 11, which 
environment typically comprises an inert gas such as 
argon at atmospheric pressure, or a vacuum in the range 
from 1 to 100 torr. The meniscus 30 circumferentially 
surrounds the crystal rod 24 at the rod/melt interface, 
and the circumferential length of the meniscus 30 is a 
measure of the circumference of the rod 24 at this inter 
face. It is noted that the meniscus 30 is not a static en 
tity, but rather is an entity in flux with material leaving 
it to become part of the crystal rod 24 and with new 
material entering the meniscus 30 from the melt 11 as 
the rod 24 is rotated and withdrawn from the melt 11. 

In the embodiment shown in FIG. 1, a radiation 
source 31, most suitably of visible light, is conveniently 
mounted to project a narrow beam 32 of radiation onto 
the meniscus 30. The meniscus 30, acting as a concave 
mirror, causes at least a portion of the incident radiation 
to be reflected as a beam 33 back to a detector 34. It is 
important that the meniscus 30 remain at a fixed level 
within the crucible 12 relative to the radiation source 31 
and the detector 34, so that the meniscus 30 will con 
stantly be in position to receive the radiation emanating 
from the source 31 and to reflect it back to the detector 
34. In the embodiment shown in FIG. 1, the melt 11 and 
therefore the meniscus 30 can be maintained at the 
proper level by means of the crucible lift mechanism 25. 
In embodiments wherein means other than a crucible 
lift mechanism may be used to achieve a desired temper 
ature and temperature profile at the surface of the melt 
11, the radiation source 31 and the detector 34 can be 
made to track changes in the level of the meniscus 30 by 
a suitable servomechanism so as to enable the meniscus 
to receive radiation from the source 31 and to reflect it 
back to the detector 34. 

In a variation on the embodiment shown in FIG. 1, 
the independent radiation source 31 is not used and the 
detector 34 is an optical pyrometer which detects radia 
tion, which may be in the infra-red as well as in the 
visible region of the electromagnetic spectrum, that is 
emitted by the walls of the crucible 12, as indicated at 
32, and reflected by the meniscus 30 of the growing 
crystal as shown in FIG. 2. An advantage of using an 
independent radiation source 31, as shown in FIG. 1, is 
that the intensity of radiation reflected by the meniscus 
is thereby independent of variations in the temperature 
of the molten material 11. However, in applications 
where it would be advantageous to eliminate the inde 
pendent radiation source 31, the principles of this inven 
tion are still applicable. 
As the crystal rod 24 rotates, the meniscus 30 may not 

present an unvarying reflective surface configuration at 
the point of impingement of the beam 32 on the menis 
cus 30. Whenever the diameter of the rod 24 changes, 
the meniscus 30 will move with respct to the beam 32; 
and consequently, the beam 32 will impinge at different 
points on the concave surface of the meniscus 30 de 
pending upon the diameter of the rod 24. Changes in the 
angle of reflection of the beam 33 can be used to indi 
cate changes in the diameter of rod 24, and this tech 
nique is well-known to the prior art. However, in the 
case of a Czochralski crystal growing apparatus 
wherein a means is provided for rotating the crystal rod 
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6 
as it is being grown, there will frequently be cyclic 
variations sensed in the diameter of the crystal rod as 
the rod undergoes successive rotations. These cyclic 
variations can be caused by flat spots on the surface of 
the rod which result from the inherent structure of the 
crystal being grown; and/or they can result from varia 
tions in the precessional orbit of the shaft due to idiosyn 
cratic mechanical characteristics of the particular appa 
ratus being used. Such cyclic variations in the crystal 
rod diameter, whatever their cause, are not indicative of 
changes in the overall uniformity of the rod. Thus, it is 
desirable that the mechanisms which can be actuated in 
response to sensed incipient variations in the diameter 
of the rod not be actuatable by such recurring cyclic 
variations. In the embodiment shown in FIG. 1, it is 
desirable that the control mechanism 26 not be actuable 
in response to such cyclic variations. 
The detector 34 is conveniently mounted to sense the 

reflected beam 33 for all reflection angles of interest. 
The detector 34 may be any suitable opto-electrical 
sensor device such as a suitably arranged photo-electric 
cell, or battery of such cells, which device generates an 
output electrical signal indicative of the position of the 
meniscus 30 at any given instant in time. 

Affixed to the vertical shaft 20 is a thin stripe 41 
running vertically the length of the shaft 20, which 
cooperates with a turn indicator 42 to provide an output 
electrical signal indicative of each complete rotation of 
the crystal rod 24. In a preferred embodiment, the turn 
indicator 42 comprises a source of light which is posi 
tioned to shine light onto the rotating shaft 20 and a 
photoelectric cell which is positioned to detect light 
reflected back from the rotating shaft 20. The shaft 20 is . 
made of polished metal to provide the specular reflec 
tion necessary to enable the photoelectric cell to receive 
a substantially uniformly intense reflection from all 
portions thereof. The stripe 41 consists of a non-reflect 
ing or poorly reflecting material bonded to a thin verti 
cal portion of the shaft 20. In a particular embodiment, 
the stripe 41 comprises black paint. As the shaft 20 
rotates, the photoelectric cell senses an interruption in 
the substantially uniform specular reflection of light 
once per rotation as the stripe 41 crosses the path of the 
light which is incident upon the rotating shaft 20. Each 
such interruption is indicative of a complete rotation of 
the crystal rod 24. The output signal from the detector 
34 and the output signal from the turn indicator 42 are 
both fed as inputs to a synchronous integrator 50. It is a 
function of the synchronous integrator 50 to integrate 
the output signal from the detector 34 over one com 
plete rotation of the crystal rod 24, thereby generating 
a signal indicative of the circumference of the rod 24 at 
the interface between the rod 24 and the molten mate 
rial 11. In this way, the circumference of the rod 24 can 
be continuously measured as new increments to the 
length of the rod are being formed. It is a further func 
tion of the synchronous integrator 50 to retain in a 
memory device the circumference signal for any one 
complete rotation of the rod, until a new updated cir 
cumference signal for the next succeeding complete 
rotation is generated. The output of the synchronous 
integrator 50 is an electrical signal proportional to the 
retained circumference signal. It is this output control 
signal which actuates the control mechanism 26. The 
control mechanism 26 thereupon actuates the growth 
control mechanisms such as the crystal pulling mecha 
nism 23 and the crucible lift mechanism 25 in order to 
vary the parameters which affect the diameter of the 
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growing crystal rod 24. The control mechanism 26 
compares the output control signal from the synchro 
nous integrator 50 with a signal preset to the desired 
circumference level, and actuates the growth control 
mechanisms until the output control signal from syn 
chronous integrator 50 is equal to the preset level. In 
this way, any incipient change in rod diameter detected 
by the synchronous integrator 50 is counteracted by the 
action of the control mechanism 26 to reduce the incipi 
ent change in rod diameter. 
The synchronous integrator 50 may comprise any 

electronic circuit which effectively integrates the out 
put signal from the reflected radiation detector 34 for a 
complete rotation of the crystal rod 24, and which re 
tains this integrated signal for comparison with the 
desired preset level. 
A simple embodiment of a suitable electronic circuit 

for the synchronous integrator 50 is shown in FIG. 3. 
The integrator circuit consists essentially of an opera 
tional amplifier comprising a resistor 51 in series with an 
integrated circuit amplifier 52 having a feedback capaci 
tor 53 in parallel therewith, which can be shunted by 
switch 54. The memory circuit consists essentially of an 
amplifier 62 whose input is shunted to ground by a 
storage capacitor 63. The integrator circuit is electri 
cally disconnectable from the memory circuit by means 
of switch 64. The amplifier 62 serves as a buffer to 
isolate the capacitor 63 from the control mechanism 26 
so that the capacitor 63 will not discharge when switch 
64 is open. Switches 54 and 64 are opened and closed by 
a suitable synchronization circuit 70 which responds to 
the output of the turn indicator 42. In operation, when 
the stripe 41 indicates to the turn indicator 42 that a new 
rotation of the rod 24 is beginning, an output signal 
from the turn indicator 42 causes the synchronization 
circuit 70 to generate two outputs in sequence. A first 
output from the synchronization circuit 70 then causes 
switch 64 to close for about 10 milliseconds and then to 
open again. A second output from the synchronization 
circuit 70, which occurs immediately after the comple 
tion of the first output (i.e., immediately after the re 
opening of switch 64), causes switch 54 to close for 
about 10 milliseconds and then to open again. This se 
quential closing and opening of switch 64, followed by 
the closing and opening of switch 54, is repeated for 
each rotation of the rod 24. FIG. 3 shows an instant 
during the rotation of the rod 24 at which the switch 64 
has just reopened and the switch 54 has just closed. At 
this instant, because the switch 54 is closed, all charge 
that had previously accumulated on the capacitor 53 is 
allowed to be removed. Shortly thereafter, during the 
same rotation of the rod 24, the switch 54 is reopened. 
The reopening of switch 54 allows the capacitor 53 to 
become charged. The capacitor 53 may be viewed as an 
integrating capacitor, which integrates the output of the 
detector 34 over one complete rotation of the rod 24. 
After one full rotation of the rod 24 has been completed, 
the synchronization circuit 70 again causes the switch 
64 to close briefly. The closure of switch 64 causes the 
capacitor 63 to become charged to the voltage on the 
capacitor 53 by the output of the amplifier 52. The 
output of the amplifier 52 is proportional to the integral 
of the output of the detector 34 over exactly one rota 
tion of the crystal rod 24, namely, the previously com 
pleted rotation. Thus, the output of the amplifier 52 is a 
measure of the circumference of the rod 24 at the rod/- 
melt interface. The switch 64 is allowed to remain 
closed only for a small fraction of the time required for 
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8 
the rod 24 to make a complete rotation, but long enough 
to allow the capacitor 63 to charge to the output level of 
the amplifier 52 as determined by the charge stored in 
the capacitor 53. Typically, switch 64 would remain 
closed on the order of 10 milliseconds. When switch 64 
is opened again, switch 54 is thereupon closed briefly, 
thereby discharging capacitor 53 so that the integrator 
circuit can be ready for the next rotation of the rod 24. 
The switch 54 is also allowed to remain closed for only 
a small fraction of the time required for the rod 24 to 
make a complete revolution, but long enough to com 
pletely discharge the capacitor 53. Typically, the switch 
54 would also remain closed on the order of 10 millisec 
onds. The output of the amplifier 52, however, remains 
stored in capacitor 63, thereby providing a continuous 
signal to the control mechanism 26 while charge is 
accumulating on the capacitor 53 during the next subse 
quent rotation of the rod 24. When switch 54 is opened 
again at the beginning of the next rotation period of the 
rod 24, a new integration begins for the signal arriving 
from the detector 34 during the next complete rotation 
of the crystal rod 24. For each successive rotation of the 
crystal rod 24, the aforedescribed opening and closing 
sequences for the switches 54 and 64 are repeated. Thus, 
the voltage on capacitor 63 is "updated' on each suc 
cessive rotation of the crystal rod 24. Since the voltage 
impressed upon the capacitor 63 is proportional to the 
integral of the input signal from the radiation detector 
34 over exactly one complete rotation of the rod 24, any 
variations in the signal from the detector 34 which 
repeat themselves cyclically during each rotation of the 
crystal rod 24 will not appear in the output signal from 
amplifier 62. Thus, the control mechanism 26 will not 
respond to cyclic variations in the diameter of the crys 
tal rod 24 which repeat themselves during each rota 
tion, but will respond only to variations in the rod diam 
eter which are indicative of an incipient change in the 
overall uniformity of the rod along its length. 
A preferred embodiment for the electronic circuit of 

the synchronous integrator 50 is shown in FIG. 4. Inas 
much as a typical rotation frequency for the rod 24 is 20 
revolutions per minute or less, the memory circuit (e.g., 
the capacitor 63 in FIG. 2) must be capable of holding 
its charge without decay for three seconds or more. The 
circuit shown in FIG. 4 provides a more suitable means 
for obtaining a desirably long hold time for the memory 
circuit. In the circuit of FIG. 4, the output of the detec 
tor 34 is fed to a voltage-to-frequency converter 71, 
which produces a train of pulses whose frequency is 
precisely proportional to the input voltage from the 
detector 34. As the circumferential dimension of the rod 
24 increases, the density of the pulses generated by the 
voltage-to-frequency converter 71 increases also. Thus, 
the number of pulses from the converter 71 in any given 
interval of time is proportional to the integral of the 
signal generated by the detector 34 over that interval of 
time. A counter 73 is provided to accumulate the pulses 
from the converter 71. After each complete rotation of 
the crystal rod 24, as indicated by a signal from syn 
chronization circuit 72, the contents of the counter 73 
are transferred to an array of memory devices repre 
sented by register 74. This transfer to memory is de 
structive, in that the counter 73 is reset to zero with 
each transfer of the contents thereof to the register 74. 
The register 74 serves to hold the result of each integra 
tion while the next subsequent integration is being per 
formed. A digital-to-analog converter 75 converts the 
number held in the register 74 to an analog voltage 
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signal which can be used as a control signal to actuate 
the control mechanism 26. By holding the result of each 
integration in the register 74 while the next subsequent 
integration is being performed, the digital-to-analog 
converter 75 thereby provides a continuous signal to 
the control mechanism 26 during the next subsequent 
rotation of the rod 24. 
FIG. 5 indicates waveforms of the electrical signals 

obtained from the circuits of FIG. 3 and FIG. 4. These 
waveforms are not drawn to scale, but are somewhat 
exaggerated so that the variations in the signals may be 
clearly seen. For example, the actual variations in the 
final control signal, i.e., the variations in the output of 
the amplifier 62 in FIG. 3 or of the digital-to-analog 
converter 75 in FIG. 4, are much smaller than as illus 
trated in FIG. 5, being of the order of 1% or less of the 
signal amplitude. The rotation indicator 42 provides a 
periodic pulse once per rotation of the crystal rod 24, as 
indicated by waveform 5A. The detector 34 produces a 
signal, whose waveform 5B is related to the diameter of 
the crystal rod 24. Because of so-called "flats" on the 
crystal rod 24, the waveform 5B exhibits periodic varia 
tions with a period exactly equal to the rotation period 
of the rod 24. In the circuit shown in FIG. 3, the ampli 
fier 52 in conjunction with the feedback capacitor 53 
integrates the signal from the detector 34, thereby pro 
ducing the signal shown in FIG. 5 as the solid line of 
waveform 5C. Similarly, in the circuit of FIG. 4, the 
counter 73 in conjunction with the voltage-to-fre 
quency converter 71 integrates the signal from the de 
tector 34, and the number of counts accumulated as a 
function of time is likewise represented by the solid line 
of waveform 5C. The rotation indicator 42 produces 
two effects: first, it transfers the result of the integration 
to a memory device, namely, the capacitor 63 in FIG. 3 
or the register 74 in FIG. 4; and second, it resets the 
circuitry such that the integrated output falls to zero so 
as to prepare for the next rotation of the rod 24. This 
latter effect may be seen in the waveform 5C as the 
periodic return to zero of the integrated result, while 
the former effect is depicted in waveform 5D. For clar 
ity, waveform 5D is also shown superimposed as a dot 
ted line on waveform 5C. 

Since both of the circuits shown in FIGS. 3 and 4 
effectively integrate the output of the detector 34 with 
respect to time, and not with respect to the rotation 
angle of the crystal rod 24, the actual output control 
signal level is dependent upon the rotation period of the 
crystal rod. Both the circuit of FIG.3 and the circuit of 
FIG. 4 integrate the output of the detector 34 over 27t 
radians of rotation of the rod 24, regardless of the rota 
tion period of the rod 24. However, with these circuits, 
if the rotation period of the rod changes, the resulting 
signal to the control mechanism 26 changes correspond 
ingly. This apparent source of inconsistency is usually 
acceptable in practice, since the crystal rod generally 
rotates at a constant frequency. However, in applica 
tions where it would be desirable to integrate the output 
of the detector 34 with respect to angle, this can be 
accomplished by a modification of the integrating cir 
cuit. This modification may be most easily described for 
the circuit of FIG. 4, which is the preferred embodi 
ent. 

A schematic diagram of one embodiment of the volt 
age-to-frequency converter 71 of FIG. 4, which com 
prises a modification that permits integration with re 
spect to rotation angle instead of time, is shown in FIG. 
6. The voltage-to-frequency converter 71 consists es 
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10 
sentially of a resistor 81 in series with an integrated 
circuit amplifier 82 having a feedback capacitor 83 in 
parallel therewith, and having an additional feedback 
resistor 84 which can be switched into the circuit by 
switch 86. A threshold gate 85, connected to the output 
of amplifier 82, produces an output signal when the 
voltage across the capacitor 83 reaches a preset level, 
typically a few volts. A clock generator 90 in conjunc 
tion with a flip-flop 89 detects the output signal from 
the threshold gate 85, and thereby produces a signal at 
the output of the flip-flop 89. This flip-flop output signal 
actuates a switch driver 88 to close the switch 86, 
thereby connecting a battery 87 to the resistor 84. The 
polarity of the battery 87 is arranged so as to oppose the 
input signal from the detector 34. The capacitor 83 is 
thereby discharged below the preset level of the thresh 
old gate 85. This removes the signal from the output of 
the threshold gate 85; and at the next clock pulse from 
the clock generator 90, the signal is removed from the 
output of the flip-flop 89. This, through the action of 
switch driver 88, causes the switch 86 to open, thereby 
stopping the discharge of the capacitor 83. The capaci 
tor 83 is then free to charge again to the preset level of 
the threshold gate 85. This sequence of events is re 
peated as long as an input signal persists from the detec 
tor 34. 
A more rigorous explanation of the operation of the 

voltage-to-frequency converter 71 of FIG. 6 can be 
made by noting that, if the detector 34 produces a volt 
age ein with respect to ground at any given instant of 
time, the current in through the resistor 81 at that same 
instant of time is given by in=ein/Rin, where Rin is the 
resistance of the resistor 81. This current in causes 
charge to accumulate on the capacitor 83, which in turn 
causes a voltage to occur at the output of the amplifier 
82. In steady-state operation, the average current 
through the resistor 81 equals the average current 
through the resistor 84 because the circuit prevents the 
voltage on the capacitor 83 from exceeding a few volts. 
The current if which flows through the resistor 84 when 
the switch 86 is closed is given by if-eref/Rf, where eref 
is the voltage of the battery 87, and Rf is the resistance 
of the resistor 84. Because of the action of the flip-flop 
89, which can change state only upon receiving pulses 
from the clock generator 90, the switch 86 remains 
closed for exactly one period of the clock generator 90. 
Representing the period of the clock generator 90 by 
Tclock, the charge which flows into the resistor 84 for 
one closure of the switch 86 is given by Qf= if Tclock 
=(eref/Rf) Tclock. This increment of change, which rep 
resents the amount of charge which flows into the resis 
tor 84 for one output pulse of the clock generator 90, is 
transferred at the output frequency off times per sec 
ond. Therefore, the average current flowing through 
the resistor 84 is 

if average)= Qif= (eref7R?) Tclockfo. (1) 

Substituting Tclock= 1/flock, 

This average current which flows through the resistor 
84 must equal the input current to the resistor 81. Thus, 
i?(average)=in, or 

ein/Rin=(eref/Rf) (f/flock). (3) 
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Solving for fo, 

fo=(Rf/Rin) (ein/eref) Jclock. (4) 

Thus, if the ratio of the resistance of the resistor 81 to 
the resistance of the resistor 84 remains constant and the 
clock generator 90 generates a constant frequency, and 
if the voltage of the battery 87 is constant, then the 
output frequency fo of the voltage-to-frequency con 
verter 71 is strictly proportional to the input voltage ein 
from the detector 34. In practice, the required condi 
tions of constancy are easily met, and the circuit shown 
in FIG. 6 is characterized by high stability. 

Referring back to FIG. 4, the output signal from the 
voltage-to-frequency converter 71 is accumulated in a 
counter 73 for a period equal to the rotation period Trot 
of the crystal rod 24. The resulting number N in the 
counter 73 at the end of a rotation of the rod 24 is given 
by 

l, To. dt. (5) 
N 

Substituting from equation (4) above, 

Trot (6) 
N = (RyRin) (fclock/eref) O ein dt. 

Thus, the converter 71 in conjunction with the counter 
73 acts to form the integral with respect to time of the 
signal ein from the detector 34. If the rotation frequency 
(and thus the rotation period) of the crystal rod 24 were 
to vary, then the integral in equation (6) above would 
vary, so that N would vary. It is the number N which 
ultimately determines the output control signal from the 
converter 71. In circumstances where the rotation fre 
quency of the rod 24 is apt to vary, it becomes desirable 
to replace the constant frequency clock generator 90 of 
FIG. 6 with a mechanical transducer type of clock 
generator which produces M pulses per rotation of the 
crystal rod 24. The rotation period of the rod 24 then is 
related to the period of the mechanical transducer type 
of clock generator by the equation Tor=M Tclock. 
Equation (6) above can be rewritten in terms of the 
angle of rotation 6 of the crystal rod 24 as follows: 

2T (7) 
ein (Tot/27T Tclock) d6 

O 
N = (Rp/Rin) (1/erei) 

where 6, which is the angle through which the rod 24 
has passed since the start of the count accumulation in 
the counter 73, is given by 6=(27T/To) t. Since Tot/T- 
clock= M, equation (7) above may be rewritten as: 

2T 
N = (RyRin) (M/erei) (37t) k ein d6, 

It can therefore be seen that the number N which is 
accumulated in the counter 73 is proportional to the 
integral of the output of the detector 34 with respect to 
the rotational angle of the crystal rod 24, and does not 
vary with the rotational speed of the rod 24, provided 
that the clock generator 90 consists of a mechanical 
transducer producing a constant number M of pulses 
during each rotation of the crystal rod 24. 
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It is the application of a synchronous integrator to the 

automatic diameter control system of a crystal growing 
apparatus which constitutes the present invention. Any 
circuit which effectively integrates a crystal rod diame 
ter indicating signal over exactly one rotation of the 
crystal rod is comprehended within the scope of this 
invention. The invention is limited, therefore, only by 
the following claims. 
What is claimed is: 
1. A method for controlling the growth of a crystal 

rod in a direction transverse to the axis of said rod, as 
said rod is being drawn from a melt in a substantially 
vertical direction, which method comprises: 

(a) providing relative rotation of said rod with re 
spect to the melt, while drawing the crystal rod 
from the melt; 

(b) sensing electromagnetic radiation from the cir 
cumference of the meniscus, which occurs at the 
interface between said rod and said melt, and ob 
taining a signal responsive to a substantial circum 
ferential dimension of said crystal rod, for succes 
sive rotations thereof; 

(c) integrating successive circumferential signals to 
generate a correction signal indicative of the 
change of any circumferential dimensions of said 
drawn rod; and 

(d) adjusting the rate at which the rod is drawn from 
the melt, to provide for a rod of controlled growth 
in the transverse direction. 

2. The method of claim 1 which includes causing 
electromagnetic radiation to impinge upon the said 
meniscus, and detecting the electromagnetic radiation 
reflected from said meniscus, during the rotation of said 
rod. 

3. The method of claim 1 which includes maintaining 
the level of the melt at a constant displacement in rela 
tionship to the vertical coordinate, to maintain the me 
niscus in a constant relationship to the means for sensing 
the radiation from the circumference of the meniscus. 

4. The method of claim 1 which includes sensing the 
electromagnetic radiation from said meniscus, which 
radiation has as its source the wall of the crucible in 
which said melt is contained. 

5. The method of cliam 1 which includes rotating the 
rod relative to the melt at from about 30 to 120 degrees 
per second. 

6. The method of claim 1 wherein the method is car 
ried out in a crystal-growing apparatus which includes 
a crystal-pulling mechanism having a rotatable shaft for 
holding the rod and to pull the rod from the melt, a 
crucible to maintain the melt and a heater to maintain 
the melt in the crucible, and a crucible-lift mechanism to 
adjust the vertical displacement of the crucible, and 
which method includes adjusting the relative position of 
the crystal-pulling and the crystal-lift mechanisms, in 
response to a control signal, to maintain the meniscus of 
the melt in a substantially constant position relative to 
the means for sensing the electromagnetic radiation 
from the meniscus during rotation of said rod. 

7. The method of claim 1 which comprises projecting 
a narrow beam of light, as the electromagnetic radia 
tion, onto the meniscus, and detecting a portion of the 
light reflected back from the meniscus, to provide an 
electrical signal derived from the rotation of the rod. 

8. The method of claim 1 which includes providing 
an electrical output signal indicative of each complete 
rotation of a rotatable shaft to which the rod is affixed, 
and integrating the rotational output signal with an 
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electrical signal generated by the sensed, electromag 
netic radiation from the circumference of the meniscus, 
to generate the correction signal. 

9. The method of claim 1 which includes retaining an 
electrical signal generated from any one complete rota 
tion of the rod, until a new, updated, correctional signal 
is generated for the succeeding complete rotation of the 
rod. 

10. The method of claim 1 which includes placing a 
thin, nonlight-reflective strip on a rotatable shaft to 
which the rod is affixed, focusing a narrow beam of 
light on the shaft during rotation thereof, and detecting 
the reflection of the light from the shaft on rotation and 
the periodic appearance of a nonlight-reflective strip, to 
correlate the rotation of the rod to the signal generated 
through the electromagnetic radiation sensed from the 
meniscus. 

11. The method of claim 10 which includes providing 
a shaft made of polished metal to which the rod is af. 
fixed, to provide a reflection from said shaft surface, 
and placing a strip of nonreflective material to a thin, 
axial, vertical portion of the shaft. 

12. The method of claim 1 which includes detecting 
reflected, infrared radiation from said meniscus, to mea 
sure the circumferential dimension of the cross-section 
of said rod during rotation. 

13. The method of claim.1 which includes directing a 
beam of light onto a polished shaft, to which the rod is 
affixed, during rotation, and detecting the light re 
flected back from the shaft as it rotates, to sense an 
interruption in a substantially uniform, spectral reflec 
tion of the light on each rotation of the shaft, and inte 
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grating the output signal from the detection of the 
change in circumference of the meniscus and output 
signal from the rotation of the shaft, during one com 
plete rotation, to generate a correction signal indicative 
of the circumference of the rod at the meniscus. 

14. The method of claim 1 which includes causing 
electromagnetic radiation to impinge upon the meniscus 
occurring at the interface of said rod and said melt, 
producing an electrical signal responsive to the electro 
magnetic radiation reflected back from said meniscus, 
and integrating said electrical signal so received over an 
integral number of rotations of the rod, to produce an 
integral which is indicative of the circumferential di 
mension of the rod, and retaining said integral, while 
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subsequent integration is being formed, and comparing 
said retained integral with a subsequently obtained inte 
gral, to generate a correction signal responsive to the . 
differences between the signals, and adjusting the rate at 
which said rod is drawn from said melt, so as to main 
tain a constant, traverse dimension for the rod, while 
maintaining the relative position of the meniscus from 
the source of the electromagnetic radiation as relatively 
COnStant. 

15. A method for controlling the growth of a crystal 
rod in the plane transverse to the axis of said rod, as said 
rod is being drawn by a crystal-growing apparatus from 
a melt, said method comprising the steps of: 

(a) providing relative rotation of said rod with re 
spect to said melt; 

(b) measuring the circumferential dimension of a 
cross-section of said rod in said plane, said measur 
ing comprising causing electromagnetic radiation 
to impinge upon a meniscus occurring at the inter 
face between said rod and said melt, and producing 
an electrical signal responsive to electromagnetic 
radiation reflected from said meniscus, and inte 
grating said signal over an angular interval of said 
rotation from 0 to 27tn radians, where n is an inte 
ger; , 

(c) distinguishing any change which occurs in said 
circumferential dimension during successive rota 
tions of said rod and generating a correction signal 
proportional to any said change; and 

(d) adjusting the rate at which said crystal rod is 
drawn from said melt, which affects the growth of 
said rod in said plane in response to said correction 
signal. 

16. The method of claim 1 which includes sensing the 
electromagnetic radiation from the circumference of 
the meniscus employing a single sensor. 

17. The method of claim 16 which includes produc 
ing a single signal from the sensor, which signal is con 
tinuous with respect to the rotation of said rod. 

18. The method of claim 1 wherein integrating com 
prises converting voltage to frequency and accumulat 
ing the voltage-to-frequency signal in a counter, to 
provide an integral with respect to the time of the sig 
nal. 

k k k sk. k. 


